The structure of the cerebellar cortex is remarkably similar across vertebrate phylogeny. It is well developed in basal jawed fishes, such as sharks and rays with many of the same cell types and organizational features found in other vertebrate groups, including mammals. In particular, the lattice-like organization of cerebellar cortex (with a molecular layer of parallel fibres, interneurons, spiny Purkinje cell dendrites, and climbing fires) is a common defining characteristic. In addition to the cerebellar cortex, fishes and aquatic amphibians have a variety of cerebellum-like structures in the dorso-lateral wall of the hindbrain.
Introduction
The structure of the cerebellar cortex is remarkably similar across vertebrate phylogeny. It is well developed in basal jawed fishes, such as sharks and rays ( Fig. 1) , with many of the same cell types and organizational features found in other vertebrate groups, including mammals. In particular, the lattice-like organization of cerebellar cortex (with a molecular layer of parallel fibres, interneurons, spiny Purkinje cell dendrites, and climbing fibres) is a common defining characteristic. In addition to the cerebellar cortex, fishes and aquatic amphibians have a variety of cerebellum-like structures in the dorso-lateral wall of the hindbrain. Mammals have the dorsal cochlear nucleus, which is also considered to be an analogous cerebellar-like structure (Montgomery et al., 1995) , however, this structure will not be further considered in this article. The fish cerebellar-like structures are adjacent to, and in part, contiguous with, the cerebellum. They derive their cerebellum-like name from the presence of a molecular layer which has striking organizational similarities to the molecular layer of the cerebellar cortex. However, these structures also have characteristics which differ from the cerebellum. For example, cerebellum-like structures do not have climbing fibres, and they are clearly sensory. They receive direct afferent input from peripheral sensory receptors and relay their outputs to midbrain sensory areas. As a consequence of this close sensory association, and the ability to characterise their signal processing in a behaviourally relevant context, good progress has been made in determining their fundamental processing algorithm. In particular¸ we have come to understand the contribution to signal processing made by the molecular layer, which provides an adaptive filter to cancel self-generated noise in electrosensory and lateral line systems (Montgomery and Bodznick, 1994; Bell et al., 1997) . Given the fundamental similarities of molecular layer across these structures, coupled with evidence that cerebellum-like structures may have been the evolutionary antecedent of the cerebellum, it is pertinent to ask if both share the same functional algorithm?
Fig. 1 Dorsal view of the brain of the chimerid Callorhynchus
The corpus cerebellum has been shaded darker blue, and the granular cell auricles and DON a lighter blue.
To address this question, we will briefly review our current understanding of the functional operation of one of the better known and phylogentically basal cerebellum-like structures: the dorsal octavolateralis nucleus (DON) in elasmobranchs. We will also outline the comparative and developmental relationships between cerebellum-like structures and cerebellum, and finally explore some of their functional similarities. The question posed here has been asked previously (Devor, 2000) , and has been addressed from a number of different perspectives (e.g. Bell et al., 2008) . Our approach will be to concentrate on the functional algorithm of the DON, and how this might translate, with appropriate modifications, to an underlying functional algorithm for the cerebellum. Our conclusions accord with the key cerebellar learning paradigms of eye blink conditioning (reviewed by Ohyama et al., 2003) and vestibulo-ocular reflex adaptation (reviewed by Ito, 2006; Blazquez et al., 2004) and models proposing that the cerebellar cortical microcircuit operates as an adaptive filter reliant on a covariance learning rule (Dean and Porrill, 2008; Dean et al., 2010) .
Functional Algorithm of the Dorsal
Octavolateralis Nucleus
The operation of the dorsal octavolateralis nucleus as an adaptive filter was proposed by Montgomery and Bodznick (1994) , reviewed in detail in Bell et al. (1997) and Bodznick et al. (1999) , and nicely summarized by Devor (2000) . The cerebellum-like structure of the DON is illustrated in Fig. 2 , which emphasizes in particular, the parallel fibre molecular layer and spiny molecular layer dendrites of the principal neurons (AENs). Also shown is the electrosensory input onto the ventral dendrites of the AENs, both direct, and indirect via inhibitory interneurons. The AENs project to the contralateral midbrain. The figure also illustrates the experimental demonstration of the adaptive cancelation of sensory input coupled to the animal's own activity. The stimulus coupled to ventilation initially generates a strong excitation followed by a suppression of activity. Both effects decline with time. When the stimulus is switched off the negative sensory image is apparent, with inhibition occurring where the cell was driven by the stimulus, and excitation where it was previously inhibited (Fig. 3) . The mechanism for the generation of the negative image is parallel fibre/AEN LTD (LTD = Long Term Depression) driven by spike activity of the AEN. The two learning rules are: if the AEN is active turn down the gain of coincidently active parallel fibre synapses; conversely if parallel fibre synapses are active in the absence of AEN firing then increase the strength of their connection. These rules have been directly demonstrated in one of the other fish cerebellum-like structures (Han et al., 2000) and more recently in the DON (Bertetto, 2007) . These rules drive the formation of an internal model of the predicted sensory reafference generated by the animal's own activity. The time varying information in the parallel fibres likely to be of most utility in the formation of the model are efference copy signals from ventilatory motor centres, and proprioceptive input associated with breathing. One recent paper (Rotem et al., 2007) based on in vitro recordings questions the ability of parallel fibre inputs to match the reafference drive and concludes that "filtration occurring in the DON cannot be mediated simply by summation of the parallel fibers' signals with the afferent sensory signals". However, we believe that their result is an artefact The posterior section overlies an anterior section illustrating that the parallel fibres originate in the lateral granular eminences. The figure also illustrates the essential adaptive filter response. Top trace ventilatory movement record from which the peristimulus histograms of spike activity were triggered. The peristimulus historgrams (top to bottom) show AEN's low spike activity with no response to ventilation. The strong response to an electrical dipole stimulus coupled to ventilation decreasing over a 10 minute period, followed by a strong negative sensory image after the stimulus is withdrawn. Each trace, 2 sec. duration. The negative image extinguished over the subsequent 10 minutes. Vertical calibration 10 spikes/s. In the adaptive filter experiment an electrosensory stimulus is synchronised with the animal's own breathing. This initially generates a large response that declines with successive trials. When the stimulus is turned off, the neuron shows a pattern of activity timed with breathing which is the negative image of the initial response to the stimulus. The negative image in this example has been revealed by subtracting the spontaneous firing rate of this cell. of the in vitro preparation and electrical stimulation, and that under normal physiological conditions, the AENs are held under a balancing tension from the direct afferent drive and their surround inhibition (Bodznick and Montgomery, 1992) giving summed molecular layer dendritic inputs a controlling influence on the AEN's activity levels. In conclusion there is good experimental evidence that the cerebellum-like organization of the DON provides an adaptive filter to cancel self-generated noise, and good reason to believe that this is realized by parallel fibre/AEN plasticity driven by AEN activity.
3 Origins of the Cerebellum Bell et al. (2008) have drawn attention to the likelihood that the hindbrain cerebellum-like structures existed in vertebrate phylogeny prior to the corpus cerebellum. A medial octaovolateralis nucleus (MONmechanosensory lateral line associated nucleus) is evident in some hagfish (myxinoids) and both a MON and DON occur in lampreys, however, the cerebellum is essentially absent from both these groups. One plausible evolutionary/ developmental scenario is that the developmental program responsible for the cerebellar (and cerebellar-like) molecular layer structure can generate duplicate structure somewhat analogous to gene duplication, or maybe as a result of gene duplication. Under this view it is possible that MON duplication gave rise to DON, and that further duplications gave rise to vestibulo-cerebellum and to the corpus. It is this possibility that gives the sense to our title of the "origins of the vertebrate cerebellum from a sensory processing antecedent". Further comparative evidence for this evolutionary/developmental possibility comes from the apparent loss of electroreception and the DON in most bony fishes, and its reinvention on two separate occasions with the MON presumably providing the precursor for the electrosensory lateral line lobe (ELL) of weakly electric fishes. In both lineages of weakly electric fishes, the ELL again shows evidence of duplication, with multiple sensory maps of the body surface. Within cerebellar corpus phylogeny, the teleost valvula and the mammalian neocerebellum may be further examples of this propensity.
An independent line of evidence for the evolution of the corpus cerebellum from a cerebellum-like hindbrain precursor is the developmental origins of mammalian cerebellar neurons in the rhombic lip and their subsequent migration to form both the deep cerebellar nuclei and the cerebellar corpus (Wang et al., 2005; Machold and Fishell, 2005) . In other words, perhaps as Murakamia et al. (2005) conclude: "cerebellum has been brought about as an evolutionary innovation in gnathostomes, based on exaptation of MBH (Midbrain Hindbrain Boundary), rhombic lip, and some regulatory gene expression already present in the vertebrate common ancestor".
Cerebellar Function
The function of the cerebellum is hotly debated, to the extent that the orthodox view of the cerebellum as a motor control structure is competing with proposals for both cognitive and sensory functions. Our view is that the neuroethological function of the cerebellum will be highly dependent on downstream connectivity of its output, in the sense that: given the multiplicity of cerebellar output connections, there will be a multiplicity of functions. But that given the consistency of cerebellar cortical structure, all should feed off a core functional algorithm which we contend is a derivation of DON functionality.
In addition to the different input/output connectivity, the key difference between the DON and the cerebellum is the presence of climbing fibre input to the Purkinje cells. In the DON the LTD learning is driven by the spike activity of the principal neurons. In the cerebellum, climbing fibre activity drives supervised learning, making climbing fibre activity central to the learning process. One of the clearest demonstrations of the role of climbing fibre activity in cerebellar learning is the eye blink reflex. This reflex has proven to be a potent model for understanding cerebellum, both with respect to cortical molecular layer function and cerebellar input/output connectivity in a behaviourally relevant context.
The following summary comes largely from the papers of Mauk and his colleagues (Ohyama et al., 2003; Kalmbach et al., 2009 ) and singles out eye blink reflex of the rabbit. The behavioural paradigm has been associative conditioning of the eyeblink reflex with tones. The tones (conditioned stimulus) are paired with a puff of air to the eyeball (unconditioned stimulus (US)). Analysis of the site and nature of the learned response has been done both in the "delay" paradigm where the tone precedes the US but they overlap, and in the "trace" paradigm where there is a gap between the end of the tone and the US. For the delay paradigm the conditioned response develops over repeated presentations and the blink is timed to the air-puff. The cerebellum is required for learning, and for the appropriate timing of the conditioned response. Learning also occurs in the deep cerebellar nucleus as revealed by subsequent removal of the cerebellum, after which there is a conditioned response but one that follows the onset of the CS and is no longer timed to the US. The functional wiring of the reflex derived from anatomical and physiological studies shows that the air-puff (US) produces climbing fibre input to both the Purkinje cells of the cerebellum and to the deep cerebellar nucleus. The CS arrives via so-called mossy fibres to both the cerebellar cortex and to the deep cerebellar nucleus. The interpretation is that in the learned response the Purkinje cells (which inhibit deep cerebellar nucleus) suppress the early response and then pause at the appropriate time to release the conditioned response to coincide with the US. From the perspective of this article, the key contribution of the cerebellum is climbing fibre induced LTD which produces the appropriately timed inhibitory release of the deep nucleus. Learning in the deep nucleus whether induced by the cerebellar disinhibition alone, or in conjunction with the elevated mossy fibre/climbing fibre input appears to be a more generalized induction/enhancement of the CS/CR pathway. Our view is that the functional distinction between cerebellar learning and deep cerebellar learning is the molecular layer/Purkinje cell organization. Large numbers of parallel fibres connect to each Purkinje cell, but are compartmentalized on dendritic spines in such a way as to allow input specific learning. Conjunction of parallel fibre and climbing fibre activity produces input specific LTD resulting in the appropriately timed pause in Purkinje cell firing. An interpretation that can be consistently applied within the rabbit eye blink model, but also in other cerebellar learning paradigms, is that learning can occur or be induced by the cerebellar cortex on the direct motor pathway through the deep cerebellar nucleus, but that this learning is akin to gain control and lacks the context-dependency and timing flexibility of the cerebellar cortex. The prediction is that in all cases where the learning requires differential activity through a cerebellar nucleus pathway dependant on context, or timing, the cerebellar cortex is directly required for the learning and its appropriate expression. Where activity through the nuclear pathway can be effected by a consistent elevation in gain, the learning can be implemented by LTP mechanisms that may -or may not -include transfer of learning from cerebellar cortex to the deep cerebellar nucleus pathway. Under these conditions the cerebellar cortex may be involved in the learning but not subsequently required for the effective expression of the response.
The role of the cerebellar cortex in delay conditioning is controversial. What is agreed is that forebrain structures become essential. Their role is to provide the 'memory trace' for the CS. A somewhat simplistic view is that this effectively prolongs the mossy fibre inputs to provide for cerebellar learning equivalent to that found in delay conditioning discussed above. However, in one recent review, the claim is made that the cerebellum has no role in trace conditioning (Woodruff-Pak and Disterhoft, 2008). But as Kalmbach et al. (2009) have noted, the typical delay and trace paradigms differ. Obviously there is the gap between the CS and air-puff that occurs only in the trace paradigm, but the other difference is the long CS typically used in delay conditioning. Arguably it is the long CS that generates the timing demands necessitating cerebellar cortical involvement in both learning and effective CR expression. Our view of cerebellum requires that in all cases where the CS differs in profile from the US (i.e. a much longer duration as in delay conditioning) cerebellar cortex will be necessary both for learning and expression of the CR.
Where there is a closer match between the profile of the CS and the US there are fewer constraints, and learning seems possible both on the direct motor pathway through the deep cerebellar nucleus, or in the cerebellar cortex with transfer through to the nucleus.
Recent work with a goldfish eye withdrawal reflex (Rodrıguez et al., 2005) shows some essential similarities to both delay and trace eye blink conditioning described above. The proposed homolog of the hippocampal pallium is specifically involved in trace conditioning but not in delay conditioning, but both are critically dependent on the cerebellum. In addition, Purkinje cell recordings show learning related changes in simple spike discharge frequency during the CS period that closely correlate with the onset of the conditioned response.
Other Cerebellar Learning Paradigms
Vestibulo-ocular reflex (VOR) has been one of the mainstay models for cerebellar function and plasticity. The utility of the model derives from the precise nature of eye movement control, and the rather direct sensory/motor connectivity with the role of the deep cerebellar nuclei taken by the vestibular nuclei. As an open-loop reflex, precise gain control is essential for accurate function. Imprecise function is signalled by image slip on the retina and conveyed to cerebellar cortex by the climbing fibres. Experiments using adaptive calibration of the VOR have indicated plasticity in both cerebellar cortex and the brainstem (Boyden et al., 2004) and that information originally learnt in the cerebellar cortex can be transferred and expressed in the brainstem (Porrill and Dean, 2007) . As with the eyeblink reflex, learning can be effectively transferred to the direct VOR pathway where a non-specific gain control is what is required. The prediction would be that where the gain control is context or timing dependent, the learning would remain in the cerebellar cortex. The Porrill and Dean (2007) modelling study shows that the converse situation also applies. Due to timing delays the cerebellum is not capable of providing effective gain control at VOR frequencies higher than 2.5 Hz, however, the gain control effected at lower frequencies is not frequency specific and effectively generalizes to higher frequencies. In this way VOR function is maintained over its full frequency range up to 25 Hz.
Eyeblink and VOR have been classical cerebellar learning models and have made a huge contribution to our understanding of the cerebellum. However, their utility as models, in part, derives from their relative simplicity. Understanding the full spectrum of cerebellar functionality will depend on defining the complexities of cerebellar connectivity and the distinctive neuroethological role of cerebellar cortex acting as one component of the neural generation of adaptive behaviour in the context of real world complexity. Understanding the functional and computational potentialities of cerebellar cortical circuitry is a useful step towards that more general goal. The commonalities in neural processing between DON, Eyeblink, and VOR suggest that the essential functional attribute is context-dependent learning. Within the DON, AEN activity itself drives the formation of the negative image of expected sensory reafference from the animal's own activity. In eyeblink and VOR, climbing fibres drive learning in cerebellar cortex, which, depending on details of context-dependency, can either reside in the cortex or be transferred to the direct motor path. One way of illustrating the functional continuity from DON through eyeblink, and VOR to more general forms of context-dependent error-driven motor learning is to think about context-dependent error in motor systems. Ohyama et al. (2003) discusse the analogy between cerebellar functionality and feedforward control. This analogy can be extended to a feedforward control element embedded within a feedback loop. In this circumstance, the error signal driving the feedback control is available to supervise learning and anticipate system perturbations that have some predictability. This combined structure retains the stability of feedback control, yet allows the cerebellum to learn, and impose, context-dependent error reduction within the shorter time frames to which it is suited. Where there is an element of predictability, the cerebellar contribution compensates for delays in error sensing and feedback. Many motor systems, including postural control and optomotor responses, operate within classical feedback control. Our prediction is that in these systems, a perturbation reliably associated with a CS, or something the animal does itself, will demonstrate context-dependent errordriven learning. In particular, the prediction is that following learning, when the perturbation is withdrawn, the system will demonstrate a "negative motor image" analogous to the negative sensory image described in DON. This concept can be characterised as Errorminimizing Adaptive Context-dependent Control (EMACC).
We have tested the EMACC concept within the postural and optomotor control systems of bony fish. In the first case, fish swam in a flume with small magnets attached dorsally and ventrally with opposing polarties such that an applied left-right magnetic field produced a roll torque on the fish. The roll perturbation was cued from a CS consisting of a tone, and/or light. Over a period of trials, the fish were able to anticipate the roll perturbation and learn to reduce the amplitude of the ensuing roll. Presentation of the CS in the absence of the imposed perturbation revealed the predicted negative image, interestingly with a clear latency of about 300 ms (Fig. 4) . The second test used an eye movement perturbation cued from the fish's own breathing. Previous work has shown that eye instability during ventilation is a potential problem for fish, and that connections exist between the ventilation and oculomotor control centres that may play a role in correcting that instability (Ballintijn et a. 1979; Juch 1982) . In our training protocol, at the cessation of a period of imposed temporal horizontal eye perturbation, there was a small but consistent nasally directed negative motor image (Fig. 5) . The source of error signal in this protocol is unknown, but may involve oculomotor proprioception and/or visual slip. It is worth noting that in this protocol, the ventilation frequency, and the nature of the coupling of 
Fig. 5 Adaptive cancelation of eye movement perturbation
Prior to the training period, the eye is relatively stable through the ventilation cycle (control). In our training protocol a temporal horizontal eye perturbation is imposed synchronized with ventilation (pull). Following training, there was a small but consistent nasally directed negative motor image (Test 1, 2, 3). The negative image illustrated is the sum of the three test results. In each case the record is an average of 10 ventilations. Horizontal calibration is 0.2 s and vertical calibration is 1° except for the negative image trace where it represents 0.33°. the ventilation to eye movement perturbation, dictates that the image stabilizing optokinetic reflex (OKR), and visual slip pathways are working at the upper end of their effective frequency range (Marsh and Baker, 1997) .
Finally, it is instructive to highlight one other mammalian cerebellar learning paradigm that dovetails with the above protocols. The 'off-loading' response studied by Ivry and colleagues (Diedrichsen et al., 2003) looks at hand stabilization during the removal of a weight. When a robotic arm removing the weight is triggered by the subject, the subject is able to progressively learn to stabilize the hand. When the subject triggers the robot, but the removal is with-held, the hand exhibits a negative motor image anticipating the weight removal. The motor learning required in this task is impaired in subjects with cerebellar damage.
The term model is used both in the sense of an explicit hypothesis of how the cerebellum works, but also in the sense that the cerebellum is thought to encode internal models of movement dynamics (Ito, 2008) . Our model of the DON is that it operates as an adaptive filter to cancel self-generated noise -but also that in the process of doing so, the molecular layer system (parallel fibres, interneurons and AEN spiny dendrites) generates an internal model of the predicted reafference. Our extension of the DON molecular layer functionality to cerebellar corpus emphasises the context dependency of the learning which is highly dependent on predictive information carried in the parallel fibres and their independently adjustable weightings onto the Purkinje cells' dendrites. This functionality arises directly from the anatomy, microstructure and connectivity of the molecular layer, and as such is not something that can be easily matched in other neuronal sub-systems or sub-cortical pathways. The extension of the adaptive filter approach to cerebellar cortex is not new, and as Dean and Porrill (2008) comment "many current models of the cerebellar cortical microcircuit are equivalent to an adaptive filter using the covariance learning rule" (see also Dean et al., 2010) . Where we differ from other perspectives derived from comparisons of cerebellum-like and cerebellum is their emphasis on "the subtraction of sensory expectations" (Devor, 2000; Sawtell and Bell, 2008) . Our emphasis is rather with the underlying computational capability of the cortex and its core functionality as it first arose in phylogeny, in other words its primitive functionality rather than more derived realizations. There is a sense in which a sensory/motor dichotomy is not that useful in thinking about cerebellar functionality. However, we anticipate that the cerebellar primitive we have described has a lot to do with motor control and believe that it is not coincidental that the cerebellum first appears in concert with paired fins, jaws and orobranchial ventilation. A balanced account of the early functional utility of the cerebellum between sensory, motor and visceromotor tasks must await more complete descriptions of the output connectivity of the cerebellum in some representative early fishes.
With respect to the wider context of cerebellar modelling, it does seem that the cerebellum works in concert with, and in parallel to, other motor pathways and so we agree with the conclusions of Ebner and Pasalar (2008) that is seems unlikely that the cerebellum operates as an inverse model. However, in our way of thinking it is quite conceivable for elements of the cerebellum to operate as a forward model predicting the expected sensory consequences of movement. This indeed may be an important source of error, feeding back into the cerebellum to drive appropriate error correction. Finally, the cerebellar primitive we have described here may well be suited to derive more sophisticated uses in motor planning and higher mental models as proposed by Ito (2008) .
